
ABSTRACT: Research has demonstrated the utility of metrics
based on spatial velocity gradients to characterize and describe
stream habitat, with higher mean spatial gradients indicative of
higher levels of physical heterogeneity and thus habitat quality.
However, detailed description of the velocity field that is needed to
compute these metrics is difficult to obtain. Acoustic Doppler cur-
rent profilers (ADCPs) may be used to rapidly collect detailed rep-
resentations of river depth and velocity fields in rivers deeper than
1 m. Such data were collected in March 2000 from cross sections of
the Little Tallahatchie River, Mississippi, representing three dis-
tinct habitat types (naturally sinuous, channelized, and abandoned
channel). These datasets were used to compute component veloci-
ties, vorticity, and area weighted mean vorticity (circulation). Veloc-
ities and circulation were highest in the meander, lowest in the
abandoned channel, and intermediate in the channelized reach.
Secondary flow, expressed as the average magnitude of the lateral
(transverse) velocity divided by the total velocity, was significantly
higher in the meander. The sinuous natural channel and aban-
doned channel displayed distinctive spatial patterns, with regions
of depressed velocity consistently occurring near banks. ADCPs
hold great potential as tools for the study of riverine ecosystems,
but data reduction is difficult using existing software.
(KEY TERMS: aquatic ecosystems; hydraulics; acoustic Doppler
current profiler; velocity; vorticity; circulation; physical aquatic
habitat quantification; fish; rivers.)
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INTRODUCTION

Current, or water velocity, is a key characteristic of
riverine ecosystems (Hynes, 1970; Pennak, 1971) and
perhaps is more important than substrate in explain-
ing the distribution of lotic macroinvertebrates

(Statzner et al., 1988). Current has been used as a key
variable to differentiate among and provide ecologi-
cally meaningful classifications of reach scale regions
(“habitats”) of large (Baker et al., 1991; Grift et al.,
2001; Rutherford et al., 2001) and medium sized
(Whited et al., 2002) river systems, but actual mea-
surements of current within these studies tend to be
relatively sparse.

Physical factors are frequently altered by human
activity, and relationships between biota and physical
factors are often investigated. For example, scientists
have sought to define the “preferences” of various life
stages of aquatic organisms for the magnitude of
velocity and related variables in order to compare the
quality of habitats created by various water discharge
rates (Milhous et al., 1989; Holm et al., 2001). Depth
and velocity data collected at points of a rectangular
grid have been used to define key aspects of stream
habitat degradation (Shields et al., 1994) and to quan-
tify habitat rehabilitation efforts (Habersack and
Nachtnebel, 1995; Shields et al., 1998).

Since current acts as a stressor and as an essential
transport mechanism for many organisms, preferred
habitats are frequently sheltered zones of moderate
velocity adjacent to regions of swifter flow (Statzner
et al., 1988; Facey and Grossman, 1992; Hayes and
Jowett, 1994). Simplification of channel boundaries
(channelization) often results in significant negative
impacts on resident biota, at least partially because of
the loss of these zones (Brookes, 1988). Spatially
detailed descriptions of the velocity field are needed
for quantification of the availability of preferred zones
across a range of scales. Detailed sets of  velocity data
may be used to compute metrics that depend on 
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spatial gradients: kinetic energy gradients, vorticity,
and circulation (Crowder and Diplas, 2000a, 2002).
Kinetic energy gradients and vorticity may be qualita-
tively assessed graphically, allowing comparison of
the same reach across flows or the impact of adding or
removing various physical features for a given flow
(Crowder and Diplas, 2000a, 2002).

In a river, velocity varies in all three spatial dimen-
sions and continuously with time. Therefore it is 
necessary to quickly collect large numbers of mea-
surements to fully describe the velocity regime of a
habitat (e.g., Rinne, 1985). If such large data collec-
tions are not feasible, scientists attempt to character-
ize current using representative sampling based on
assumptions about the spatial distribution of tempo-
ral mean velocity (e.g., assuming that the point veloci-
ty at 0.6 times the water depth below the surface is
equal to the vertical mean). Point measurements are
collected using thermistors, mechanical, or electro-
magnetic devices (Way et al., 1993, 1995; Herschy,
1999). Indirect measurements, for example with head
tubes (Ciborowski, 1991), standard (“FST”) hemi-
spheres (Statzner and Muller, 1989), particle image
velocimetry (Stamhuis and Videler, 1995), or tracer
dye injection (Shields and Smith, 1992), may be used
to obtain velocity magnitudes or means for a given
spatial or temporal domain. These methods face seri-
ous limitations in terms of their ability to resolve
small scale phenomena and practical problems with
deployment, logistics, etc. Furthermore, some
mechanical current meters require a fixed length of
time to obtain a point measurement, thereby obscur-
ing short, turbulent fluctuations. Most of the afore-
mentioned measurement methods simply measure
velocity magnitude in one direction, combining or
neglecting secondary components.

Velocity measurement problems are sometimes
addressed by using numerical models to synthesize
the velocity patterns of a given spatial domain (e.g.,
Milhous et al., 1989; Leclerc et al., 1995; Peters et al.,
1995; Crowder and Diplas, 2000b). Such models
require channel geometry and assumed or measured
data for flow resistance. Model calibration, appropri-
ate levels of abstraction, and collection of the required
bathymetric data are problematic. In some cases
velocity patterns are based on one-dimensional com-
putations, and assumed frequency distributions cali-
brated to limited field measurements are used to
obtain multidimensional representations (e.g., Singh
and Broeren, 1989; Lamouroux et al., 1999; Azzellino
and Vismara, 2001). Biologically important physical
habitat features and the velocity and energy gradi-
ents that occur around them tend to be small in scale
relative to standard types of hydraulic models and to
require numerous very small grid cells for meaningful
outputs (Crowder and Diplas, 2000b). Accordingly, the

underlying bathymetric and calibration data must be
quite detailed, and such models lose their validity at
scales relevant to some macroinvertebrates and
smaller fishes.

Acoustic (sonar) techniques have been used to
rapidly collect water depth data from rivers (Haber-
sack and Nachtnebel, 1995; Flug et al., 1998), and
refinement of Doppler technology suggests simultane-
ous collection of depth and velocity data may be feasi-
ble for description and evaluation of riverine habitats
at the reach scale. This paper shows how ADCPs may
be used to rapidly collect velocity and depth data to
describe aquatic habitats in rivers with average
depths greater than 1 m. Methods for analyzing data
obtained from a commercially available ADCP to pro-
vide ecologically meaningful information (hydraulic
metrics) across a range of riverine habitat types are
also proposed. These methods are then used to com-
pare the hydraulic properties found at selected cross
sections typical of a meandering river, a channelized
river, and a river channel abandoned due to cutoff
channelization. The ecological relevance of the ADCP
data is examined using available data representing
samples of fish and benthic macroinvertebrates col-
lected from the reaches sampled with ADCPs.

ACOUSTIC DOPPLER CURRENT PROFILERS

Acoustic Doppler current profilers have been com-
mercially available for almost 20 years and have been
used for oceanographic investigations, measurement
of river discharge (Herschy, 1999; Callede et al.,
2000), studies of turbulence in open channels (Stacey,
1999a, 1999b), and measurement of suspended sedi-
ment (Shen and Lemmin, 1999) and bedload (Rennie
et al., 2002). An ADCP measures water velocity by
propagating a fixed frequency sound wave through
the water column and computing the Doppler fre-
quency shift on echoes from suspended particles and
bubbles. The method assumes that these particles
(“scatterers”) are moving at the same speed as the
water. Internal software allows interpretation of the
returning signals (echoes) to segregate velocities for
vertical ranges called “bins.” Thus a vertical profile of
velocity is obtained. Use of ADCPs that propagate
multiple sound beams at angles to one another and
that contain internal compasses and gyroscopes
allows measurement of the x- y- and z-component
velocities relative to an earth based coordinate sys-
tem. Inclinometers and gyroscopes are also used to
correct for vessel pitch and roll. Velocity is measured
relative to the reference frame of the instrument. If
the instrument is mounted on a moving boat, the cor-
rections may be made for boat velocity using either
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simultaneous differentially corrected output from a
global positioning system (DGPS) or by “bottom track-
ing.” Bottom tracking refers to measuring the Doppler
shift in the frequency of echoes returning from the
bed. Bottom tracking is typically more accurate than
DGPS, but bed movement (e.g., when active bedload
transport is occurring) introduces error.

ADCPs are capable of rapid data acquisition, so a
complete description of the velocity field in a reach or
cross section may be obtained from a moving boat in a
few minutes. About two weeks of training is required
to use most of these instruments, and all the instru-
ments have limitations with respect to resolution and
range. For example, the ADCP cannot measure veloci-
ty in the top 10 to 50 cm or in the bottom 6 percent of
the water column due to limitations of the acoustic
technique. Velocities from the region near the top of
the water column cannot be obtained because a short
pause is required between transmission of the sound
pulse and echo reception. This pause is needed to
allow for dissipation of “ringing,” or energy remaining
from the transmitted pulse. Data cannot be obtained
very close to the bottom because the stronger bottom
echoes obscure the echoes from the water column
scatterers in this region. Thus, unless additional
refinements are made, ADCPs are not useful for
regions with depths shallower than about 0.5 m and
are not useful for microhabitat studies that require
measurements within a few centimeters or millime-
ters of a solid boundary (e.g., Lancaster and Hildrew,
1993; Way et al., 1993, 1995; Stamhuis and Videler,
1995; Benbow, 1997) or within or underneath a per-
meable submerged object (woody debris). However,
these devices are extremely useful for reach scale
habitat characterization (e.g., Hortle and Lake, 1983;
Meador et al., 1993; Simons et al., 2001). ADCPs have
not been widely used for aquatic habitat data collec-
tion, and commercially available software for obtain-
ing and processing ADCP data is not designed to
produce data useful for description or evaluation of
habitats. The primary challenge encountered when
applying ADCPs for ecological studies is reducing the
large volume of numerical data into meaningful infor-
mation. A large number of parameters may be speci-
fied by the user when operating the ADCP, and a
judicious selection of parameter values produces opti-
mum precision for the range of depths and velocities
encountered. It is important that identical configura-
tions (suites of parameter values) be used when col-
lecting velocity data for comparison.

Recent developments feature smaller instruments
that may be deployed on small rafts or model boats
and measure velocities in depths as shallow as 15 cm.
Commercially available systems suitable for riverine
habitat measurements currently sell for $13,000 to
$33,000. Data from boat mounted or float mounted

ADCPs are typically stored on a laptop or notebook
computer and include records for each “ensemble.”
Ensembles of data are collected for very brief periods
at intervals on the order of 1 sec and include the
water depth, temperature, boat displacement, head-
ing, velocity magnitude, direction, echo intensity, and
several parameters related to data quality.

As noted above, relatively small scale velocity gra-
dients are often more ecologically meaningful than
average conditions. Vorticity is one measure of the
magnitude of local velocity gradients. Vorticity, a mea-
sure of the rate of rotation of a fluid element about its
axis, is mathematically defined (Liggett, 1994) as

where u, v, and w are velocity components in the x
(streamwise), y (lateral), and z (vertical) directions,
respectively, while î, ĵ, and k̂ are unit vectors in the x,
y, and z directions. Practically speaking, vorticity may
be approximated by replacing the partial differences
in the above expression by finite differences for an
array of measured velocities, and the computed vortic-
ity may be assumed to represent conditions within
the cell defined by the finite distances between mea-
suring points. Due to the wide range of turbulence
scales present in riverine flows and due to the highly
unsteady nature of turbulent eddies, velocity data
must be collected at constant spatial intervals and
nearly instantaneously for reproducible results – cri-
teria met by ADCPs but not more orthodox tech-
niques.

Vorticity throughout a region of flow may be exam-
ined graphically or by computing summary statistics.
If velocity gradients that produce rotation about the y
and z axes are neglected, the above expression simpli-
fies to

which is twice the rate of rotation of a small fluid
element about its horizontal axis that is parallel to
the streamwise direction. A similar simplification
may be used to obtain an expression for vorticity
based on rotations in the horizontal plane (about a
vertical axis). Crowder and Diplas (2002) used two-
dimensional model output and field data from a rela-
tively shallow gravel bed river to compute vorticity in
the horizontal plane, ignoring rotation in the vertical
plane. However, the primary feature influencing flow
in their study was a cluster of boulders. The primary
features generating rotational flow in our study were
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î (2)



meander bends, which produce vortices in the vertical
plane stronger than those found in straight reaches
(Bathurst, 1997). Clearly, riverine habitats are char-
acterized by fully three-dimensional flow phenomena,
and subsequent investigations should consider ADCP
data collected from both lateral and streamwise tran-
sects to quantify horizontal plane vorticity. Neverthe-
less, patterns of secondary flows typical of relatively
deep sand bed rivers are captured in detail using the
approach shown here.

For practical computation, partial derivatives in
Equation (2) may be replaced by ratios of finite differ-
ences. Using this approach, vorticity may be comput-
ed for each interior cell of an array of velocities
representing conditions in a river cross section such
as the one shown in Figure 1. However, cells adjacent
to the boundary of the array may not be used to com-
pute vorticity because velocities adjacent to them are
unknown. This is a major shortcoming.

Vorticity may be used to compute the circulation, Γ,
which is mathematically defined as the line integral
of vorticity for the closed path, L, bounding the region
in two-dimensional space (Crowder and Diplas, 2002)

where Γ is the circulation, V
→

is the velocity vector, and
dL

→
is the unit vector along the length of a closed path

L. The closed curve, L, surrounds a surface area S,
and dA represents the area of an infinitesimal 

element of the surface S. If the curve L is drawn
around a vortex such as those that occur just down-
stream of solid objects, the circulation will reflect the
strength of the vortex or eddy. However, the value of
circulation is highly dependent upon the location of L.
For example, if circulation is computed for a region
containing areas of positive (counterclockwise rota-
tion) and negative (clockwise rotation) vorticity, the
areas of opposing sign will cancel each other out. The
resulting value will not reflect the availability of vor-
tices and other complex flow features that may be of
ecological importance. To address this problem, physi-
cal complexity throughout a region of flow may be
expressed as the area-weighted mean vorticity (Crow-
der and Diplas, 2002)

where ΓABS is the “modified” circulation. The numera-
tor of the right hand term represents the sum of the
absolute value of each grid cell’s vorticity times its
area. This quantity is zero for perfectly uniform flow
with no vorticity and increases as the strength of
velocity gradients and attendant flow heterogeneities
increase. By dividing by ATOT, circulation values for
different sized areas may be compared if the grid cells
are the same size and the overall flow regimes are
similar.
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Figure 1. Graphical Representation of Rectangular Array of Velocity Magnitudes
Collected From a River Cross Section Using a Boat Mounted ADCP.
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METHODS

Velocity data were collected along selected cross
sectional transects on March 22, 2000, from the Little
Tallahatchie River about 25 km upstream from Sardis
Reservoir in Lafayette County, Mississippi. Three 500
m reaches were sampled: a naturally sinuous reach; a
straight, channelized reach immediately upstream;
and a moderately sinuous reach of abandoned river
channel created by channelization in about 1960.
Based on substrate, planform, cross sectional shape
and woody debris density, each reach was expected to
produce unique patterns of vorticity and circulation
representative of differing habitat quality (Table 1).
Physical conditions in the sampled reaches were typi-
cal for the season. However, flow from the upstream
1,500 km2 watershed and operation of the down-
stream reservoir produce a range of depth and veloci-
ty regimes, particularly in the naturally sinuous
reach. Greatest depths and lowest velocities typically
occur during May, June, and July. During periods of
low flow, there is no current in the abandoned chan-
nel, and water temperature is elevated and dissolved
oxygen is depressed relative to the other reaches.

Velocity and water depth data were collected using
a Workhorse 1,200 kHz ADCP (RD Instruments of
San Diego, California) mounted on the front of an alu-
minum jon boat 3.6 m long with a specially fabricated
aluminum mounting bracket. This ADCP must be set
up using one of three “water modes” based on the
anticipated range of depths and velocities to be
encountered. All data presented below were collected
using water mode 8, which the manufacturer recom-
mends for “shallow (< 3.5 m deep) streams with veloc-
ities less than 1 m/s and moderate shear or
turbulence.”  Bin size (vertical dimension of water col-
umn elements sampled for velocity) was set at 15 cm.

The manufacturer’s software predicts a standard
deviation of 2 cm/s for velocity measurements with
this configuration. Precision of measured velocities
varies with water mode and bin size, so quantities
such as vorticity and circulation that depend upon
velocity differences will vary with instrument configu-
ration.

Within each of the three reaches, flow depths and
velocity profiles were collected as the boat was driven
across one or two transects subjectively selected to be
representative of physical conditions within the sur-
rounding reach. Transects were at right angles to the
flow, and endpoints were marked with stationary
buoys. Each transect was traversed nine or ten times.
A single traverse is referred to below as a “run.” Out-
puts from typical runs in each reach are depicted in
Figure 2. Measurements of apparent boat velocity
obtained while anchored at midchannel were used to
indicate the magnitude of error introduced by assum-
ing a stationary bed (RD Instruments, 1999).

Data Reduction and Analysis

Initial qualitative evaluations of depth and velocity
patterns were performed by examining plots similar
to Figure 1, vertical velocity profiles, and tabular out-
puts from software provided by the ADCP manufac-
turer. Visual Basic software was developed to
facilitate data reduction and analysis. The ADCP was
set up to record an ensemble of data (depth and veloc-
ity profile with attendant parameters) every second,
regardless of the distance traveled by the boat. Data
analysis software screened ensembles for quality
based on indices computed by the ADCP software and
deleted poor quality data. Then additional ensembles
were deleted to achieve a minimum spacing, W,
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TABLE 1. Physical Characteristics of Reaches of the Little Tallahatchie River,
Mississippi, Sampled Using ADCPs on March 22, 2000.

Mean/
Maximum

Water Water Mean
Sampled Cross Bed Width Depth Velocity Discharge

Reach Habitat Type Section Sinuosity Material (m) (m) (cm/s) (m3/s)

Natural River Sinuous with plentiful Asymmetrical 1.1 Medium sand, 43 1.9/3.2 70 51
submerged woody debris v-shape organic detritus

Channelized Straight with no Trapezoid with 1.0 Medium sand 38 1.6/1.4 61 38
River woody debris steep sides

Abandoned Sinuous with intermediate Parabolic 1.2 Recently 25 1.7/2.1 33 12
Channel density of woody debris deposited silts

and emergent woody and clays
vegetation (“muck”)
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Figure 2.  Vector Plots for Resultants of Lateral (v) and Vertical (w) Velocity Components Measured Using ADCP
in Selected Cross Sections in Reaches Representing Three Types of Habitat (natural reach, channelized

reach, and abandoned channel – top to bottom), Little Tallahatchie River, Mississippi.
Solid line indicates riverbed, while dashed line indicates position of water surface.



between adjacent ensembles in order to eliminate
redundant (overlapping) data (Figure 3). Minimum
horizontal spacing, W is given by

where dw is the maximum water depth in the run, dm
is the distance between the water surface and the face
of the ADCP, and θ is the beam angle, which was 20
degrees for our instrument. For data reduction, hori-
zontal spacing was measured along a straight line
between transect endpoints, and a constant W value
was used regardless of local water depth since the
spatial velocity differences used to compute vorticity
are influenced by spatial sample frequency.

The ADCP records horizontal velocity components
relative to compass directions (north and east) for
each cell. The streamwise direction relative to north
was computed for each run by computing the mean of
the recorded horizontal directions. For each cell, the
total horizontal velocity was resolved into streamwise
(u) and transverse (v) components using this direc-
tion. To compare the vorticity regimes in the three
reaches we sampled, we computed vorticities and
modified circulation for each run using finite differ-
ence forms of Equations (2) and (4). Application of a
finite difference form of Equation (2) normally
requires uniform values of ∆y and ∆z. Use of the
ADCP data to compute vorticity violated this con-
straint, because the portion of the water column inter-
sected by the four beams projected downward from
the ADCP becomes larger with depth (Figure 3). The
spread between the four beams, W, is given by Equa-
tion (5) above, and the volume of water, V, ensonified
by the four beams at a given depth is

where ∆z is the ADCP bin size and A is the area
described by the intersection of the beam and a hori-
zontal plane. A is an elliptical area

where

a = d

where d is the beam diameter and θ is the beam angle
(7 cm and 20 degrees, respectively, for our instru-
ment). The difference between the region of the water
column sampled for velocity and the elemental vol-
ume assumed by Equation (2) may be determined
using Equations (5), (6), and (7) above. For example,
velocities recorded by the ADCP for the bin (or cell)
centered 75 cm below the transducer represent infor-
mation from four cylindrical sections, each containing
approximately 2.4 liters of water and centered on a
point about 49 cm from the corresponding section in
the opposite beam. The bin or cell adjacent to and
immediately below this one represents information
from a similar arrangement cells spaced approximate-
ly 60 cm apart and centered 90 cm below the ADCP.

As noted above, the proprietary software within the
ADCP interprets the returning signal in such a way
that a velocity is obtained for each “bin” or cell within
the vertical. However, the reported velocity for a given
cell is actually the average of velocities measured for
scatterers within a region that overlaps immediate
neighboring cells above and below. The means are
computed using weight functions that emphasize sig-
nals returning from scatterers located in the middle of
the vertical range. Correlation of velocity between
vertically adjacent cells is less than about 15 percent
(Gordon, 1996). We made no effort to remove effects of
vertical overlap from our data.

Distributions of modified circulation and cross sec-
tional (run) mean values for component velocities,
total velocity, and water depth for each reach were
compared using one-way ANOVA. A nonparametric
test (Kruksal-Wallis ANOVA on ranks) was used
when variances were significantly different. Pairwise
comparisons (Tukey Test for standard ANOVA and
Dunn’s method for nonparametric ANOVA) were used
to test for significant differences between reaches.
Absolute values of secondary velocities (|v| and |w|)
were used to compute run means since instantaneous
mean values of v and w for a given cross section are
zero.
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W d dw m= −( )2 tan θ (5)

Figure 3. Derivation of Minimum Lateral Spacing, W, for ADCP
Ensembles as a Function of Water Depth Below the ADCP,

dw, and Bin Size ∆z. ADCP velocity profiles (ensembles) must
be at least W apart to prevent redundant velocity readings.

(6)V = ∆zA

A ab1 = π

b
d= 



sin θ

(7)



Since natural reaches tended to display regions of
reduced velocity near banks, nonlinear regression was
used to fit quadratic equations to datasets consisting
of velocity at a given depth (x) versus lateral distance
across the channel (y), and coefficients of determina-
tion (r2) were computed and compared. The y coordi-
nate was assigned a value of 0 at the point where
measurement began, even though this point was usu-
ally 1 to 5 m from the water’s edge.

RESULTS

After faulty and redundant data were eliminated
as described above, about 50 to 100 velocities were
recorded for each run and about 500 velocity mea-
surements for each reach. Runs took an average of
103 seconds to complete, and runs across a given
transect were consistent, with mean velocities differ-
ing by 15 percent or less, but temporal variation (vari-
ation from run to run) was greatest for the natural
reach (Figure 4). Mean current velocities were highest
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Figure 4. Distribution of Cross Section Mean Values of Streamwise Velocity Divided by Total Velocity (u/V), Absolute Lateral 
Velocity Divided by Total Velocity (|v|/V), Absolute Value of Vertical Velocity Divided by Total Velocity (|w|/V), Total Velocity 
Magnitude, Water Depth, and Modified Circulation Measured Using ADCPs in Three Reaches of the Little Tallahatchie River, 
Mississippi. N = 8, 10, and 10 for natural, channelized, and abandoned channel reaches, respectively.  Box upper and lower 
boundaries represent the 75th and 25th percentiles of cross section means, line within box represents median, error bars represent
90th and 10th percentiles, and points are outliers. Boxes not under the same horizontal bar are significantly different (p < 0.05).



in the natural river reach, about 25 percent lower in
the channelized reaches, and about 60 percent lower
in the abandoned river channel, but mean water
depths only varied about 15 percent among the three
reaches. Stationary boat velocity measurements indi-
cated that the error in velocity due to bed movement
was less than 3 cm/s for the natural channel and less
than 2 cm/s for the channelized reach. Missing data
were more common for the natural river reach, per-
haps due to submerged woody debris along the thal-
weg (Figure 2). GPS maps of debris formations
collected concurrently with ADCP data show large
emergent debris formations upstream and down-
stream from the ADCP transect.

Velocity distributions in the natural reach were
skewed toward lower values, while those from the
channelized reach were positively skewed and more
sharply peaked, and those from the abandoned chan-
nel displayed bell shaped distributions. In a fashion
typical of riverine habitats, primary or streamwise
velocity, u, was equal to 97 to 99 percent of the total
velocity (Figure 4). The horizontal velocity component
at right angles to the primary current, v, comprised
about 10 to 20 percent of the total velocity magnitude
and vertical velocities, w, were 2 to 4 percent of the
total velocity. Vorticity and modified circulation dif-
fered among reaches in a fashion similar to mean
velocity: the average computed mean modified circu-
lation was 0.77/s, 0.53/s, and 0.21/s for natural, chan-
nelized, and abandoned channel reaches, respectively.
Although physical variables for the abandoned chan-
nel were all significantly different from those for
other reaches, the natural and channelized reaches
were more similar (Figure 4). Values for modified cir-
culation, relative streamwise velocity, and relative
absolute vertical velocity were similar for natural and
channelized reaches. Relative absolute lateral velocity
was significantly greater in the natural reach, evi-
dently due to flow patterns typical of meanders
(Bathurst, 1997).

To examine spatial patterns, equations of the form
V = ay2 + by + c were fit to plots of total velocity mag-
nitude (V) at 0.45 m depth versus lateral distance
across the channel (y) for each run. Mean coefficients
of determination (r2) for the natural river, channel-
ized reach, and abandoned channel were 0.57, 0.37,
and 0.77, respectively. The inverted parabolic pattern
was typical of the natural cross sections found in the
natural reach and the abandoned channel, but veloci-
ty gradients near banks were weaker in the channel-
ized reach (Figure 5).

DISCUSSION AND CONCLUSIONS

Human activities often perturb physical aspects of
river systems in ways that degrade ecological
resources, and efforts to address such impacts often
focus on physical manipulations (e.g., Langler and
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Figure 5. Typical Plots of Total Velocity Magnitude Measured
at a Depth of 0.45 m Versus Lateral Distance for Each Reach.



Smith, 2001). Abundant literature supports the
notion that higher levels of spatial habitat hetero-
geneity measured at the reach scale support higher
levels of biodiversity (e.g., Gorman and Karr, 1978;
Harper and Everard, 1998). Various techniques have
been used successfully for quantifying aspects of
physical habitat heterogeneity that are correlated
with one or more biological variables. Among these
are Shannon indices based on habitat variables mea-
sured at regular spatial intervals (Gorman and Karr,
1978; Foltz, 1982; Shields et al., 1994), current speed
diversity (Hugueny, 1990), the variance of maximum
depths measured at regular intervals along regularly
spaced cross sections (Jungwirth et al., 1995), the
occurrence of bars (Kern et al., 2002), and the area of
slack water based on a limited number of current
meter measurements (Hortle and Lake, 1983). These
studies generally did not develop causal linkages
between physical diversity and biological variables,
but recent investigations at smaller physical scales
have highlighted the importance of hydraulic gradi-
ents for riverine macroinvertebrates (Remple et al.,
1999a, 1999b) and fish (Hayes and Jowett, 1994;
Harding et al., 1998). All of the aforementioned efforts
required laborious field data collection approaches
that yield relatively few data and are particularly dif-
ficult to implement in rivers too deep to wade. Lam-
ouroux et al. (1999) have developed statistical models
for predicting the frequency distributions of hydraulic
variables in reaches with natural morphology that
represent a major saving in the effort that is required.
However, these models still require significant field
data as input: (1) the changes in reach average depth
and width as function of discharge, (2) the spatial fre-
quency distribution of depth for one given discharge,
and (3) the average size of the bed material particles.

Above, we demonstrate how ADCPs may be used to
rapidly collect discharge, depth, and velocity data in
riverine habitats with average water depths greater
than 1 m. Data sets produced by the ADCP are so
large that they are unwieldy unless methods are
available to extract information from the data. A mod-
ified circulation parameter may be used as an index of
physical heterogeneity in the same fashion that oth-
ers have used diversity indices based on more sparse
data sets (Crowder and Diplas, 2002). We found that
modified circulation in the vertical plane averaged
across an entire river cross section was about 45 per-
cent higher in a natural meander than a straight,
trapezoidal channel upstream in the same river.
Stronger differences were documented between these
two reaches and a more quiescent abandoned channel
nearby. Our collections of fish and invertebrates from
the three habitats (unpublished data, National Sedi-
mentation Laboratory) mirror the physical differ-
ences.

The differences we observed among the three sam-
pled reaches are subtle relative to observations by
Crowder and Diplas (2002), who computed modified
circulation in the horizontal plane that was 95 times
greater in a small (20 m2) area of a gravel bed river
containing brown trout redds than a similar region
nearby that did not contain redds. Vorticity within the
region containing redds was generated by two large
boulders. Using two-dimensional numerical model
simulations, they computed values of horizontal plane
modified circulation of 0.054/s and 0.045/s for a 61 m
reach of a river 15 m wide with and without boulders,
respectively. Values of modified circulation in the ver-
tical plane that we observed were an order of magni-
tude higher (0.53/s and 0.77/s for channelized and
natural reaches, respectively), but the difference
between the uniform and complex channels was simi-
lar. Crowder and Diplas (2002) admitted that their
findings merely suggested and did not prove that flow
complexity (as measured by modified circulation) at
the spatial scale they studied was an important com-
ponent of brown trout spawning habitat. However,
they reasoned that processes such as aeration, local
scour, and particle sorting are driven by vorticity and
thus are associated with high values of modified cir-
culation.

In contrast to the channelized reach, the natural
reach and the abandoned channel exhibited consis-
tent regions of lowered velocity adjacent to the bank.
Habitats adjacent to banks of large rivers, particular-
ly those governed by stage fluctuations, play a key
role in large river ecosystems, providing sites for fine
material retention, fish rearing, and refugia for inver-
tebrates (Schiemer and Spindler 1989; Remple et al.,
1999a; Schiemer et al., 2001). Geometrically complex
boundaries that give rise to eddies, helical flow pat-
terns, and smaller vortices are associated with higher
levels of species diversity, both due to the wider range
of physical niches available and because habitat com-
plexity may support fish assemblage resilience in the
face of natural disturbances like floods (Pearsons et
al., 1992).

ADCPs hold great potential for detailed study of
riverine physical aquatic habitat, particularly at the
reach scale. However, users must recognize key limi-
tations. Deployment is limited to water depths
greater than about 0.3 m, and thus key shallow habi-
tats adjacent to margins and in riffles or thalweg
crossings may be missed. In addition, permeable
objects within the flow such as vegetation or woody
debris interfere with echoes and thus limit data
acquisition. Existing software is tuned for oceano-
graphic applications and river discharge measure-
ment. Therefore, until better alternatives are
developed, application to riverine aquatic habitat
studies requires custom development of software or
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spreadsheets. Metrics such as vorticity and circula-
tion offer promise for extracting information from
large datasets derived from ADCP deployments, but
the values obtained are dependent on the horizontal
and vertical spacing adopted for velocity data. Appro-
priate spatial densities for various combinations of
ADCP hardware, software, and river conditions
remain to be determined.

ACKNOWLEDGMENTS

The authors acknowledge field and laboratory assistance provid-
ed by Terry Welch, Dustin Rogers, Bradley Holder, Ashley McBride,
and Calvin Vick. Brian Dahl and J. R. Rigby helped with data anal-
ysis.  J. R. Rigby prepared computer software for data analysis.
Drs. David Crowder, Panos Diplas, and Sean Bennett and Mr.
Andrew Selle read an earlier version of this manuscript and made
many helpful comments.

LITERATURE CITED

Azzellino, A. and R. Vismara, 2001. Pool Quality Index: New
Method to Define Minimum Flow Requirements of High-
Gradient, Low-Order Streams. Journal of Environmental Engi-
neering 127(11):1003-1013.

Baker, J. A., K. J. Kilgore, and R. L. Kasul, 1991. Aquatic Habitats
and Fish Communities in the Lower Mississippi River. Aquatic
Sciences 3(4):313-356.

Bathurst, J. C., 1997. Environmental River Flow Hydraulics. In:
Applied Fluvial Geomorphology for River Engineering and Man-
agement, C. R. Thorne, R. D. Hey, and M. D. Newson (Editors).
John Wiley and Sons, Chichester, United Kingdom, pp. 69-93.

Benbow, M. E., A. J. Burky, and C. E. Way, 1997. Larval Habitat
Preference of the Endemic Hawaiian Midge, Telmatogeton tor-
renticola Terry (Telmatogetoniniae). Hydrobiologia 346:129-136.

Brookes, A., 1988. Channelized Rivers: Perspectives for Environ-
mental Management. John Wiley and Sons, Chichester, United
Kingdom.

Callede, J., P. Kosuth, J.-L. Guyot, and V. S. Guimaraes, 2000. Dis-
charge Determination by Acoustic Doppler Current Profilers
(ADCP): A Moving Bottom Error Correction Method and Its
Applications on the River Amazon at Obidos. Hydrological Sci-
ences 45(6):911-924.

Ciborowski, J. J. H., 1991. Head Tube: A Simple Device for Esti-
mating Velocity in Running Water. Hydrobiologia 22:109-114.

Crowder, D. W. and P. Diplas, 2000a. Evaluating Spatially Explicit
Metrics of Stream Energy Gradients Using Hydrodynamic
Model Simulations. Canadian Journal of Fisheries and Aquatic
Sciences 57:1497-1507.

Crowder, D. W. and P. Diplas, 2000b. Using Two-Dimensional
Hydrodynamic Models at Scales of Ecological Importance. Jour-
nal of Hydrology 230:172-191.

Crowder, D. W. and P. Diplas, 2002. Vorticity and Circulation: Spa-
tial Metrics for Evaluating Flow Complexity in Stream Habi-
tats. Canadian Journal of Fisheries and Aquatic Sciences 59(4):
633-645.

Facey, D. E. and G. D. Grossman, 1992. The Relationship Between
Water Velocity, Energetic Costs, and Microhabitat Use in Four
North American Stream Fishes. Hydrobiologia 239:1-6.

Flug, M., H. Seitz, and J. Scott, 1998. Measurement of Stream
Channel Habitat Using Sonar. Regulated Rivers:  Research and
Management 14:511-517.

Foltz, Jeffrey W., 1982, Fish Species Diversity and Abundance in
Relation to Stream Habitat Characteristics. Proceedings of the
Thirty-Sixth Annual Conference of the Southeastern Association
of Fish and Wildlife Agencies, pp. 305-311.

Gordon, R. L., 1996. Acoustic Doppler Current Profiler: Principles
of Operation – A Practical Primer. RD Instruments, San Diego,
California.

Gorman, O. T. and J. R. Karr, 1978. Habitat Structure and Stream
Fish Communities. Ecology 59(3):507-515.

Grift, R. E., A. D. Buijse, W. L. T. van Densen, and J.G. P. Klein
Breteler, 2001. Restoration of the River-Floodplain Interaction:
Benefits for the Community in the River Rhine. Arch. Hydrobi-
ol. (Suppl.) Large Rivers 135(2-4):173-185

Habersack, H. and H. P. Nachtnebel, 1995. Short-Term Effects of
Local River Restoration on Morphology, Flow Field, Substrate,
and Biota. Regulated Rivers: Research and Management 10:291-
301.

Harding, J. M, A. J. Burky, and C. M. Way, 1998. Habitat Prefer-
ence of the Rainbow Darter, Etheostoma caeruleum, With
Regard to Microhabitat Velocity Shelters. Copeia 1998(4):988-
997.

Harper, D. and M. Everard, 1998. Why Should the Habitat-Level
Approach Underpin Holistic River Survey and Management?
Aquatic Conservation:  Marine and Freshwater Ecosystems
8(4):395-413.

Hayes, J. W. and I. G. Jowett, 1994. Microhabitat Models of Large
Drift-Feeding Brown Trout in Three New Zealand Rivers. North
American Journal of Fisheries Management 14:710-725.

Herschy, R. W. (Editor), 1999. Hydrometry:  Principles and Prac-
tices (Second Edition). John Wiley and Sons, Chichester, United
Kingdom.

Holm, C. F., J. D. Armstrong, and D. J. Gilvear, 2001. Investigating
a Major Assumption of Predictive Instream Habitat Models: Is
Water Velocity Preference of Juvenile Atlantic Salmon Indepen-
dent of Discharge? Journal of Fish Biology 59(6):1653-1666.

Hortle, K. G. and P. S. Lake, 1983. Fish of Channelized and
Unchannelized Sections of the Bunyip River, Victoria. Aust. 
J. Mar. Freshw. Res. 34:441-450.

Hugueny, B., 1990. Species Richness of Fish Communities Related
to River Size and Habitat Diversity in the Niandan River (upper
Niger, Africa). Revue d’Hydrobiologie Tropicale 23(4):351-364.

Hynes, H. B. N, 1970., The Ecology of Running Waters. University
of Toronto Press, Toronto, Ontario.

Jungwirth, M., S. Muhar, and S. Schmutz, 1995. The Effects of
Recreated Instream and Ecotone Structures on the Fish Fauna
of an Epipotamal River. Hydrobiologia 303:195-206.

Kern, K., T. Fleischhacker, M. Sommer, and M. Kinder, 2002. Eco-
morphological Survey of Larger Rivers – Monitoring and Assess-
ment of Physical Habitat Conditions and Its Relevance to
Biodiversity. Large Rivers 13(1-2), Arch. Hydrobiol. Suppl.
141/1-2, 1-28.

Lamouroux N., J. M. Olivier, H. Persat, M. Pouilly, Y. Souchon, and
B. Statzner, 1999. Predicting Community Characteristics From
Habitat Conditions: Fluvial Fish and Hydraulics. Freshwater
Biology 42:275-299.

Lancaster, J. and A. G. Hildrew, 1993. Flow Refugia and the
Microdistribution of Lotic Macroinvertebrates. Journal of the
North American Benthological Society 12:385-393.

Langler, G. J. and C. Smith, 2001. Effects of Habitat Enhancement
on 0-Group Fishes in a Lowland River.  Regulated Rivers:
Research and Management 76(6):677-686.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1407 JAWRA

USE OF ACOUSTIC DOPPLER CURRENT PROFILERS TO DESCRIBE VELOCITY DISTRIBUTIONS AT THE REACH SCALE



Leclerc, M., A. Boudreault, J. A. Bechara, and G. Corfa, 1995. Two-
Dimensional Hydrodynamic Modeling: A Neglected Tool in the
Instream Flow Incremental Methodology. Transactions of the
American Fisheries Society 124(5):645-662.

Liggett, J. A., 1994. Fluid Mechanics. McGraw-Hill, Inc., New York,
New York.

Meador, M. R., C. R. Hupp, T. F. Cuffney, and M. E. Gurtz, 1993.
Methods for Characterizing Stream Habitat as Part of the
National Water-Quality Assessment Program. U. S. Geological
Survey Open-File Report 93-408. Raleigh, North Carolina.

Milhous, R. T., M. A. Updike, and D. M. Schneider, 1989. Physical
Habitat Simulation System (PHABSIM) Reference Manual, Ver-
sion II. Instream Flow Information Paper No. 26, U.S. Fisheries
and Wildlife Service Biological Report 89(16), Washington, D.C.

Pearsons, T. N., H. W. Li, and G. A. Lamberti, 1992. Influence of
Habitat Complexity on Resistance to Flooding and Resilience of
Stream Fish Assemblages. Transactions of the American Fish-
eries Society 121:427-436.

Pennak, Robert W., 1971, Toward a Classification of Lotic Habitats.
Hydrobiologia 38(2):321-334.

Peters, M. R., S. R. Abt., C. C. Watson, J. C. Fischenich, and J. M.
Nestler, 1995. Assessment of Restored Riverine Habitat Using
RCHARC. Water Resources Bulletin 31(4):745-752.

RD Instruments, 1999. Measuring River Discharge in High Flow
(Flood) or High Sediment Concentration Conditions. Application
Note FSA-007, RD Instruments, Inc., San Diego, California.

Remple, L. L., J. S. Richardson, and M. C. Healey, 1999a. Flow
Refugia for Benthic Macroinvertebrates During Flooding of a
Large River. Journal of the North American Benthological Soci-
ety 18:34-48.

Remple, L. L., J. S. Richardson, and M. C. Healey, 1999b. Macroin-
vertebrate Community Structure Along Gradients of Hydraulic
and Sedimentary Conditions in a Large, Gravel-Bed River.
Freshwater Biology 45(1):57-73.

Rennie, C. D., R. G. Millar, and M. A. Church, 2002. Measurement
of Bed Load Velocity Using an Acoustic Doppler Current Profil-
er. Journal of Hydraulic Engineering 128(5):473-483. 

Rinne, J. N, 1985. Physical Habitat Evaluation of Small Stream
Fishes:  Point vs. Transect, Observation vs. Capture Methodolo-
gies. Journal of Freshwater Ecology 3(1):121-131.

Rutherford, D. A., K. R. Gelwicks, and W. E. Kelso, 2001. Physico-
chemical Effects of the Flood Pulse on Fishes in the Atchafalaya
River Basin, Louisiana. Transactions of the American Fisheries
Society 130(2):276-288.

Schiemer, F., H. Keckeis, G. Winkler, and L. Flore, 2001. Large
Rivers: The Relevance of Ecotonal Structure and Hydrological
Properties for the Fish Fauna. Arch. Hydrobiologia Suppl 135(2-
4):487-508.

Schiemer, F. and T. Spindler, 1989. Endangered Fish Species of the
Danube River in Austria. Regulated Rivers: Research and Man-
agement 4:397-407.

Shen, C. and U. Lemmin, 1999. Application of an Acoustic Particle
Flux Profiler in Particle-Laden Open-Channel Flow. Journal of
Hydraulic Research 37(3):407-419.

Shields, Jr., F. D., S. S. Knight, and C. M. Cooper, 1994. Effects of
Channel Incision on Base Flow Stream Habitats and Fishes.
Environmental Management 18(1):43-57.

Shields, Jr., F. D., S. S. Knight, and C. M. Cooper, 1998. Rehabilita-
tion of Aquatic Habitats in Warmwater Streams Damaged by
Channel Incision in Mississippi. Hydrobiologia 382:63-86.

Shields, Jr., F. D. and R. H. Smith, 1992. Effects of Large Woody
Debris Removal on Physical Characteristics of a Sand-Bed
River. Aquatic Conservation: Marine and Freshwater Ecosys-
tems 2:145-163.

Simons, J., C. Bakker, M. Schropp, L. Jans, F. Kok, and R. Grift,
2001. Man-Made Secondary Channels Along the River Rhine
(the Netherlands); Results of Post-Project Monitoring. Regulat-
ed Rivers:  Research and Management 17:473-491.

Singh, K. P. and S. M. Broeren, 1989. Hydraulic Geometry of
Streams and Stream Habitat Assessment. Journal of Water
Resources Planning and Management 115(5):583-597.

Stacey, M. T., S. G. Monismith, and J. R. Burau, 1999a. Observa-
tions of Turbulence in a Partially Stratified Estuary. Journal of
Physical Oceanography 29:1950-1970.

Stamhuis, E. J. and J. J. Videler, 1995. Quantitative Flow Analysis
Around Aquatic Animals Using Laser Sheet Particle Image
Velocimetry. Journal of Experimental Biology 98(2): 283-294.

Statzner, B., J. A. Gore, and V. H. Resh, 1988. Hydraulic Stream
Ecology: Observed Patterns and Potential Applications. Journal
of the North American Benthological Society 7(4):307-360.

Statzner, B. and R. Muller, 1989. Standard Hemispheres as Indica-
tors of Flow Characteristics in Lotic Benthos Research. Fresh-
water Biology 21:445-459.

Way, C. M., A. J. Burky, C. R. Bingham, and A. C. Miller, 1995.
Substrate Roughness, Velocity Refuges, and Macroinvertebrate
Abundance on Artificial Substrates in the Lower Mississippi
River. Journal of the North American Benthological Society
14:510-518.

Way, C. M., A. J. Burky, and M. R. Lee, 1993. The Relationship
Between Sheet Morphology and Microhabitat Flow in the
Endemic Hawaiian Stream Limpet (Hihiwai), Neritina granosa
(Prosobranchia: Neritidae). Pacific Science 47(3):263-275.

Whited, D. J., A. Stanford, and J. S. Kimball, 2002. Application of
Airborne Multispectral Digital Imagery to Quantify Riverine
Habitats at Different Base Flows. River Research and Applica-
tions 18:583-594.

JAWRA 1408 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

SHIELDS, KNIGHT, TESTA, AND COOPER


